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Tubeimoside-1, a triterpenoid saponin, induces cytoprotective
autophagy in human breast cancer cells in vitro via Akt-
mediated pathway
Shi-long Jiang1, Yi-di Guan1, Xi-sha Chen1, Peng Ge1, Xin-luan Wang2, Yuan-zhi Lao3, Song-shu Xiao4, Yi Zhang5, Jin-ming Yang6,
Xiao-jun Xu7, Dong-sheng Cao1,8 and Yan Cheng1,8

Autophagy, a form of cellular self-digestion by lysosome, is associated with various disease processes including cancers, and
modulating autophagy has shown promise in the treatment of various malignancies. A number of natural products display strong
antitumor activity, yet their mechanisms of action remain unclear. To gain a better understanding of how traditional Chinese
medicine agents exert antitumor effects, we screened 480 natural compounds for their effects on autophagy using a high content
screening assay detecting GFP-LC3 puncta in HeLa cells. Tubeimoside-1 (TBMS1), a triterpenoid saponin extracted from
Bolbostemma paniculatum (Maxim) Franquet (Cucurbitaceae), was identified as a potent activator of autophagy. The activation of
autophagy by TBMS1 was evidenced by increased LC3-II amount and GFP-LC3 dots, observation of autophagosomes under electron
microscopy, and enhanced autophagic flux. To explore the mechanisms underlying TBMS1-activated autophagy, we performed
cheminformatic analyses and surface plasmon resonance (SPR) binding assay that showed a higher likelihood of the binding
between Akt protein and TBMS1. In three human breast cancer cell lines, we demonstrated that Akt–mTOR–eEF-2K pathway was
involved in TBMS1-induced activation of autophagy, while Akt-mediated downregulations of Mcl-1, Bcl-xl, and Bcl-2 led to the
activation of apoptosis of the breast cancer cells. Inhibition of autophagy enhanced the cytotoxic effect of TBMS1 via promoting
apoptosis. Our results demonstrate the role and mechanism of TBMS1 in activating autophagy, suggesting that inhibition of
cytoprotective autophagy may act as a therapeutic strategy to reinforce the activity of TBMS1 against cancers.
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INTRODUCTION
Autophagy is a cellular catabolic process by which proteins
aggregate and damaged organelles are degraded to generate
ATP and various macromolecules as a response to metabolic stress.
The process of autophagy consists of three main steps: sequestra-
tion of cytoplasmic materials into a double-membrane vesicle,
known as the autophagosome; fusion of the autophagosome with
the lysosome to form the autolysosome; and lastly, degradation of
the sequestered materials for recycling and energy production [1].
Autophagy is associated with pathogenesis of various human
diseases, including cancer, cardiac disease, and neurodegeneration
[2]. Autophagy suppresses tumor initiation and development by
eliminating damaged proteins and organelles and by preventing
genomic instability [3–5]. Once cancer is established, this catabolic
process can provide nutrients and energy to allow cancer cells to
survive against a variety of stresses, including nutrient deprivation,

hypoxia, chemotherapy, or radiation, thereby contributing to
tumor progression and therapeutic resistance [6–8]. Targeting
autophagic survival has been considered a novel strategy to
reinforce the efficacy of anticancer therapy. Autophagy may also
promote cell death in tumor cells in response to certain
chemotherapeutic agents or under certain circumstances and is
thus referred to as type II programmed cell death [9–12].
Natural compounds are important resources for anticancer drug

development. TBMS1 is a triterpenoid saponin extracted from the
Chinese medicinal herb Bolbostemma paniculatum (Maxim)
Franquet (Cucurbitaceae), which is conventionally used for
treatment of snake venoms and inflammation [13–15]. TBMS1
has also been proven to possess potent anticancer activity. For
example, it has been reported that TBMS1 can induce apoptosis in
human prostate cancer cells [16], lung cancer cells [17], liver
cancer cells [18, 19], cervical cancer cells [20], and gastric cancer
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cells [21]. TBMS1 was demonstrated to inhibit cell invasion [22],
induce cell cycle arrest [16, 18, 23, 24], and suppress tumor
angiogenesis [25]. However, the modulatory effect of TBMS1 on
autophagy remains unknown.
The serine/threonine kinase Akt promotes cell growth, pro-

liferation, and survival [26]. Constitutive activation of Akt plays a
critical role in cancer development and progression [27–29]. Thus
Akt is identified as an attractive target for cancer therapy. It is
known that the anticancer action of Akt inhibitors results from
apoptosis induction via suppression of survival-associated signal-
ing pathways such as those modulated by Bcl-2 family proteins
[30–32]. In addition, it has been found that autophagy is also
activated when Akt is inhibited [33–35].
In this study, we demonstrate for the first time that TBMS1 can

induce autophagy in cancer cells, and the Akt-mediated signaling
pathway is involved in autophagy and apoptosis activation caused
by this compound. Inhibition of cytoprotective autophagy can
enhance the cytocidal effect of TBMS1 in breast cancer cells by
promoting apoptotic cell death.

MATERIALS AND METHODS
Cell culture
Human breast cancer cell lines MCF-7 (Cell Bank of Chinese
Academy of Sciences, Beijing, China) and T47D (Cell Bank of
Chinese Academy of Sciences, Shanghai, China) were cultured in
Dulbecco’s modified Eagle’s medium/high glucose (HyClone)
medium supplemented with 10% fetal bovine serum (Gibco) at
37 °C with 5% CO2. MDA-MB-231 (Cell Bank of Chinese Academy
of Sciences, Beijing, China) was cultured in L-15 (HyClone) medium
supplemented with 10% fetal bovine serum at 37 °C with 100% air.

Chemical reagents and antibodies
TBMS1 was purchased from Pufei De Biotech (Chengdu, China).
Chloroquine was purchased from Sigma (USA). NH125 was
purchased from Selleck (Shanghai, China). Protease inhibitor and
phosphatase inhibitor cocktails A and B were purchased from
Selleck (Shanghai, China). Antibodies against light chain 3 (LC3;
cat. no. 12741), Mcl-1 (cat. no. 5453), Bcl-xl (cat. no. 2764), Bcl-2
(cat. no. 2870), Akt (cat. no. 4691), p-Akt (Thr308) (cat. no. 13038),
p-Akt (Ser473) (cat. no. 4060), p70S6K (cat. no. 2708), p-p70S6K
(Thr389) (cat. no. 9234), eukaryotic translation elongation factor 2
(eEF-2; cat. no. 2332), p-eEF-2 (Thr56) (cat. no. 2331), eEF-2K (cat.
no. 3692), Beclin1 (cat. no. 4122), poly ADP-ribose polymerase
(PARP; cat. no. 9532), and cleaved caspase-3 (cat. no. 9664) were
purchased from Cell Signaling Technology (Danvers, MA, USA).
Antibody against β-actin was purchased from Proteintech.
Recombinant human Akt1 protein (cat. no. 10763-H08B) was
purchased from Sino Biological (Beijing, China). The enhanced
chemiluminescence (ECL) kit was purchased from Beijing Com Win
Biotech Co, Ltd. (Cwbio, China). Cell Counting Kit-8 (CCK-8) was
purchased from Bimake (Shanghai, China).

High content screening
High content screening and data analysis were performed as
previously described [36]. Briefly, HeLa cells stably expressing
pEGFP-LC3 plasmids were seeded in a 96-well plate (clear bottom,
black; PerkinElmer) overnight. Cells were then treated with
different natural product compounds in triplicates [37]. After 48
h, cells were fixed with 4% paraformaldehyde, and fluorescence
images were acquired using an Opera High Content Screening
System (PerkinElmer) under a ×40–H2O objective. The green
fluorescent protein (GFP)-LC3 spots were quantified accordingly.

Surface plasmon resonance (SPR) assay
To measure the interaction between TBMS1 and Akt, a SPRi
instrument was used to monitor the whole procedure in real time.
Briefly, a chip with a well-prepared biomolecular microarray was

assembled with a plastic flow cell for sample loading. The purified
recombinant Akt1 protein samples were dissolved in phosphate-
buffered saline (PBS) running buffer (pH= 7.4, 0.1% Tween 20),
and 10mM glycine-HCl buffer (pH= 2.0) was used as the
regeneration buffer. A typical binding curve was obtained by
flowing the protein sample at 0.5 μL/s for 600 s of association and
then the running buffer for 360 s of dissociation, after which the
regeneration buffer was flowed at 2 μL/s for 200 s. To determine
the binding affinity, three gradient concentrations of Akt1 proteins
were prepared and flowed in order. Binding data were collected
and analyzed by commercial SPRi analysis software (Plexera SPR
Data Analysis Model; Plexera).

Western blot analysis
After treatment with TBMS1, cells were washed with PBS and lysed
in RIPA buffer supplemented with protease inhibitor and
phosphatase inhibitor cocktails A and B (Selleck) for 30 min on
ice. The cell lysates were spun in a centrifuge at 12 000 × g for 15
min. The protein concentration of the supernatant was deter-
mined using a BCA assay kit according to the manufacturer’s
protocol. Equivalent amounts of protein were loaded into sodium
dodecyl sulfate–polyacrylamide gels for electrophoresis and
transferred onto a polyvinylidene difluoride membrane. Next,
the membranes were blocked with 5% skim milk in Tris-buffered
saline with Tween 20 and then probed with primary antibodies
and peroxidase-conjugated secondary antibodies. Subsequently,
the membranes were visualized with an enhanced chemilumi-
nescent detection kit.

Preliminary identification of the possible target by multitarget
structure–activity relationship (SAR) models
Based on the related literature published in recent years, we
preliminarily chose eight important targets in the autophagy
process: extracellular signal–regulated kinase, Akt, c-Jun N-term-
inal kinase, p38, AMPK, Raf, mammalian target of rapamycin
(mTOR), and eEF-2 kinase (eEF-2K). For these selected targets, we
collected their ligands, which are small, drug-like molecules, from
the ChEMBL database and Binding database. For each target,
activity data were filtered to keep only data that had half-
maximum inhibitory concentration (IC50), half-maximum effective
concentration (EC50), or Ki values. A compound was considered a
positive sample when its activity value was below the median.
Otherwise, this compound was considered a negative sample. All
the compounds were used to construct SAR classification models
based on CATS descriptors and the random forest method. Here
the following popular statistical parameters were applied to
evaluate the performance of these classification models: sensitiv-
ity; specificity; accuracy (ACC); area under receiver operating
characteristic curve (AUC); Matthews correlation coefficient; and
F1 score. Next, the SAR models were applied to predict the
probable relationship between the autophagy-related target and
TBMS1. According to the predicted results, the most likely target
for TBMS1 could be preliminarily identified for further study.

Plasmid and small interfering RNA (siRNA) transfection
MCF-7 cells were transfected with GFP-LC3 plasmid
using Lipofectamine 2000 reagent according to the manufac-
turer’s instructions. In brief, cells in the exponential phase
of growth were plated in 6-well tissue culture plates at 1 × 105

cells per well, grown for 24 h, and transfected with a mixture of
GFP-LC3 plasmid and Lipofectamine 2000 (Invitrogen) in OPTI-
MEM reduced serum medium. To determine the autophagic
response, GFP-LC3 puncta were inspected by fluorescence
microscopy. For siRNA targeting eEF-2K (AAGCUCGAACCA-
GAAUGUCAA) or Beclin1 (GGTCTAAGACGTCCAACAA) (Ribobio)
transfection, cells were transfected with a mixture of siRNA and
Lipofectamine 2000 (Invitrogen) in OPTI-MEM reduced serum
medium.
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Apoptosis assay
Cell apoptosis was determined by flow cytometric analysis of
Annexin V-fluorescein isothiocyanate/propidium iodide (PI) dou-
ble staining. After treatment with TBMS1 for 48 h, the cells were
harvested and rinsed with cold PBS twice by centrifugation at
1000 × g, resuspended in 100 μL 1× binding buffer (BD cat.
no.556547) (1 × 105 cells). Five μL Annexin-V (BD cat. no.556420)
and 5 μL PI (BD cat. no.556463) were then added to the solution,
and the cells were gently vortexed and incubated for 15 min at
room temperature in the dark. At the end of the incubation
period, the samples were added to 400 μL 1× binding buffer for
flow cytometric (Becton Dickinson) analysis.

Transmission electron microscopy
MDA-MB-231 cells were treated with 4 μM TBMS1 for 24 h. The
collected cells were fixed with NaCl/Pi containing 3% glutaralde-
hyde and then postfixed with NaCl/Pi containing 1% OsO4. The
samples were dehydrated in graded alcohol, embedded, and
sectioned. Ultrathin sections were stained with uranyl acetate and
lead citrate and examined using a JEM-1200 transmission electron
microscope (JEOL, Tokyo, Japan).

Cell viability assay
Cell viability was measured using the CCK-8 assay according to the
manufacturer’s protocol. Briefly, cells were seeded at 5 × 103 cells
per well in 96-well plates. At the end of TBMS1 treatment, cells
were incubated with 10 μL CCK-8 reagent for 2 h at 37 °C with 5%
CO2. The results were detected at 450 nm wavelength.

Clonogenic assay
Two hundred cells per well were plated in 6-well tissue culture
plates and treated with TBMS1 in the presence or absence of 20
μM chloroquine (CQ) for 24 h. The cells were incubated at 37 °C
with 5% CO2 for 8 days, and the medium was replaced every
2 days. At the end of incubation, cells were fixed with methanol
and stained with 1% crystal violet for 1 h. The cells were then
washed with water, and the colonies were counted (a colony
contains at least 100 cells).

Statistical analysis
GraphPad Prism 5 was used to perform statistical analysis. Data
were presented as the mean ± S.D. or mean ± S.E.M using Student’s
t test analysis of variance for analyzing the difference between
groups. Levels of P < 0.05 were considered statistically significant.

RESULTS
TBMS1 induces autophagy in breast cancer cells
To identify novel autophagic regulators from natural compounds,
we performed a high content screening assay to examine the
effects of 480 natural compounds on autophagy and found that
TBMS1, as shown in plate No. 2C9, increased the number of GFP-
LC3 dots (Figure S1). As shown in Figure S2, GFP-LC3 displayed
marked accumulation of puncta in cells treated with TBMS1
compared to control cells (hydroxychloroquine (HCQ) was used as
a positive control). These results suggest that TBMS1 has a
stimulatory effect on autophagy. The chemical structure of TBMS1
is shown in Fig. 1. To validate the role of TBMS1 in activating
autophagy in cancer cells, breast cancer cells MCF-7, MDA-MB-231,
and T47D were treated with TBMS1, and LC3 levels were
measured. As shown in Fig. 2a, b, TBMS1 increased LC3-II levels
in a time- and dose-dependent manner. We further measured
autophagic flux and found that LC3-II significantly accumulated in
the presence of the autophagy inhibitor CQ, indicating that
autophagic flux was enhanced by TBMS1 (Fig. 2c). The activating
effect of TBMS1 on autophagy was further demonstrated by an
increase in the number of GFP-LC3 dots (Fig. 2d) and by
autophagosome formation, as observed by transmission electron

microscopy (Fig. 2e). These results further support that TBMS1
could induce autophagy in breast cancer cells.

The Akt-mediated signaling pathway contributes to the effect of
TBMS1 on inducing autophagy
To explore the molecular mechanism by which TBMS1 activates
autophagy, we preliminarily identified the most likely targets for
TBMS1 by cheminformatic analysis. Eight important proteins in the
autophagy process were collected, and the SAR model for each
protein was constructed individually. After a series of strict model
validation and evaluation, we obtained eight robust classification
models. As shown in Fig. 3a, the ACC (= 0.784–0.914) and AUC
(= 0.807–0.965) of cross validation are adequate for each SAR
model. The statistical parameters indicate that these classification
models can reliably predict the relationship between protein and
specific compound (Table 1). Based on these models, we predicted
the potential autophagy-related proteins that bind to TBMS1. The
predictive result for TBMS1 was outputted as a probability value. A
higher probability value indicates that there is a higher likelihood
of binding between an autophagy-related protein and TBMS1. We
found that the most likely target for TBMS1 is Akt (prediction
probability is 0.876) (Table 1). We next sought to determine
whether there was an interaction between TBMS1 and Akt. First,
we performed SPR-based direct binding assays and found that
TBMS1 could directly bind to the recombinant human Akt1
protein and that the binding signal became stronger as the
concentration increased (Fig. 3b). The kinetic parameters for
TBMS1 and Akt1 binding are shown in Table 2. We next measured
the effect of TBMS1 on Akt activity. As shown in Fig. 3c, TBMS1
treatment caused decreased Akt activity in a dose-dependent
manner as demonstrated by decreased phosphorylation of Akt at
both Ser473 and Thr308, whereas Akt expression remained
unchanged. These results suggest that TBMS1 can bind to Akt
and inhibit its activity and that the Akt-mediated signaling
pathway may contribute to TBMS1’s effect on inducing autophagy
in breast cancer cells.

Akt–mTOR–eEF-2K is involved in autophagy activation induced by
TBMS1
To further explore the molecular mechanism mediating autop-
hagy activation by inhibiting Akt in TBMS1-treated breast cancer

Fig. 1 Chemical structure of TBMS1
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cells, we measured the role of mTOR, an important regulator of
autophagy that acts as a downstream effector of Akt. Figure 4a, b
show that TBMS1 inhibited mTOR activity in a time- and
concentration-dependent manner, as shown by decreased phos-
phorylation levels of its substrate, p70S6K. eEF-2K, a positive
regulator of autophagy under cellular stress [38–40], is a down-
stream effector of mTOR [41], which inhibits eEF-2K activity by
phosphorylation at Ser78/Ser366 [42]. We found that eEF-2
phosphorylation at Thr56, the only known substrate of eEF-2K,
was increased in a time- and dose-dependent manner in breast
cancer cells treated with TBMS1 (Fig. 4a, b), suggesting that eEF-2K
was activated by this natural product. We next found that
silencing eEF-2K expression led to a decrease in LC3-II (Fig. 4c),
indicating that autophagic activity induced by TBMS1 was
inhibited by suppression of eEF-2K. A decrease in LC3-II was also
observed in breast cancer cells cotreated with NH125, a small
molecule inhibitor of eEF-2K (Fig. 4d), providing further support
for the key role of eEF-2K in activating autophagy induced by
TBMS1. We further found that the decrease in p-p70S6K and
increases in p-eEF-2 and LC3-II induced by TBMS1 could be
reversed by Akt overexpression (Fig. 4e). These results

demonstrate that the Akt–mTOR–eEF-2K pathway mediates
autophagy induction triggered by TBMS1.

Inhibition of autophagy enhances the cytotoxic effect of TBMS1
against breast cancer cells by promoting apoptosis
Recently, TBMS1 has been reported to trigger apoptosis in several
types of cancer cells [16–19, 21]; however, the effect of TBMS1 on
human breast cancer cells has not been studied. We found that
TBMS1 induced cell apoptosis in a time- and concentration-
dependent manner, as determined by an increase in cleaved PARP
and caspase-3 (Fig. 5a, b) and Annexin V staining (Fig. 5c). Fig. 3
shows that TBMS1 targeted and inhibited Akt activity. It is known
that Akt inhibits cell apoptosis by influencing Bcl-2 family proteins,
including Mcl-1, Bcl-xl, and Bcl-2. Figure 5d, e shows that
treatment of breast cancer cells with TBMS1 resulted in a time-
and dose-dependent decrease in the levels of Mcl-1, Bcl-xl, and
Bcl-2. Downregulation of Mcl-1, Bcl-xl, and Bcl-2 in TBMS1-treated
cells was rescued by Akt overexpression (Fig. 5f), indicating that
Akt-mediated downregulation of these anti-apoptotic proteins
plays a critical role in activating apoptosis triggered by this
compound. We next aimed to determine whether there is a

Fig. 2 TBMS1 induces autophagy in breast cancer cells. MDA-MB-231, MCF-7, or T47D cells were treated with a series of concentrations of
TBMS1 for 24 h (a) or were treated with 4 μM TBMS1 for different periods of time (b), and LC3 levels were measured by Western blot. c MDA-
MB-231, MCF-7, or T47D cells were pretreated with 20 μM CQ for 1 h followed by treatment with TBMS1 for 24 h. LC3 levels were measured by
Western blot. β-Actin was used as a loading control. d MCF-7 cells were transfected with 4 μg GFP-LC3 plasmid followed by treatment with 8
μM TBMS1 for 12 h, and GFP-LC3 puncta were observed with a fluorescence microscope. e MDA-MB-231 cells were incubated with 4 μM
TBMS1 for 24 h. The cellular ultrastructure was examined by transmission electron microscopy. Arrows indicate autophagic vacuoles
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relationship between autophagy and apoptosis in TBMS1-treated
cells. Fig. 6a shows that inhibition of autophagy by CQ, a chemical
inhibitor of autophagy, augmented apoptosis compared to
treatment by TBMS1 alone, as determined by cleaved caspase-3
and PARP, indicating that autophagy plays a pro-survival role.
Enhancement of TBMS1-induced apoptosis by inhibition of
autophagy was also evidenced by an increased in Annexin V
staining (Fig. 6b). To further demonstrate the association between
autophagy and apoptosis, we suppressed autophagy by silencing
Beclin1 and found that the apoptotic activity of TBMS1 was also
markedly increased in these cells, as demonstrated by cleaved
caspase-3 and PARP (Fig. 6c). We further determined the effects of

autophagy on the viability of the breast cancer cells treated with
TBMS1 and observed that inhibition of autophagy with CQ or the
silencing of Beclin1 expression enhanced the cytotoxicity of this
compound against breast cancer cells (Fig. 6d–f). As eEF-2K plays a
key role in activating autophagy induced by TBMS1, we also
examined cell viability after silencing eEF-2K. Figure 6g shows that
breast cancer cells with knockdown of eEF-2K expression were
more sensitive to TBMS1 than the cells without knockdown of eEF-
2K. Our results suggest that autophagy acts as a survival
mechanism, and inhibition of autophagy can sensitize breast
cancer cells to TBMS1.

DISCUSSION
In this study, we not only uncovered a previously unknown effect
of TBMS1 on autophagy induction in cancer cells but also
provided the first evidence that TBMS1 activates apoptosis in
breast cancer cells. We found that Akt is a critical regulator of
TBMS1-induced tumor cell autophagy and apoptosis (Fig. 7). In
addition, we also demonstrated that inhibition of autophagy

Fig. 3 TBMS1 inhibits Akt activity. a The prediction statistics (accuracy and AUC) of eight SAR models for eight autophagy-related proteins. b
SPRi graph showing the interaction of TBMS1 and Akt1. c MDA-MB-231, MCF-7, or T47D cells were treated with a series of concentrations of
TBMS1 for 24 h, and the levels of p-Akt (S473, T308) and Akt were measured by Western blot. β-Actin was used as a loading control

Table 1 The prediction statistics of SAR models from eight important autophagy-related proteins

Targets Dataset SE SP ACC AUC MCC F1 Probability

ERK 2574 0.885 0.943 0.914 0.965 0.830 0.912 0.423

Akt 3937 0.888 0.859 0.873 0.938 0.747 0.875 0.876

JNK 2754 0.834 0.840 0.837 0.909 0.674 0.837 0.452

p38 4719 0.839 0.826 0.833 0.901 0.665 0.834 0.247

AMPK 975 0.401 0.951 0.784 0.807 0.446 0.530 0.473

Raf 735 0.792 0.810 0.801 0.862 0.602 0.799 0.103

mTOR 3622 0.855 0.868 0.862 0.935 0.723 0.861 0.380

eEF-2K 174 0.660 0.905 0.824 0.869 0.592 0.714 0.239

Table 2 The kinetic parameters of TBMS1 and Akt1 binding from SPRi

Compound Protein ka (1/Ms) Avg kd (1/s) Avg KD (M) ABS (tr_KD)

TBMS1 Akt1 4.96 × 102 5.84 × 10−2 1.18 × 10−4 1.31 × 10
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promoted apoptotic activity and sensitized TBMS1 cytotoxicity in
breast cancer cells.
Autophagy can cause either cell death or survival depending on

different stimuli and the intracellular environment [5]. A better
understanding of the exact roles that autophagy plays in tumor
cells subjected to therapeutic stress would be beneficial to explore
autophagy as a therapeutic strategy against cancer. Numerous
studies have reported that autophagy is activated in tumor cells in
response to therapeutic treatments, including chemotherapy,
targeted therapy, and radiotherapy, and plays a cytoprotective

role [7, 43, 44]. Therefore, inhibition of autophagy-mediated cell
survival is now considered a novel strategy to reverse chemore-
sistance and enhance the effectiveness of anticancer treatments.
The autophagy inhibitors CQ or HCQ have been tested in clinical
trials and exhibited improving outcomes in several cancer types. In
this study, we found that TBMS1 can induce autophagy in breast
cancer cells, and autophagy can affect the apoptotic activity
induced by this compound. These results suggest that modulating
autophagy and apoptosis by a natural compound may be an
effective therapeutic intervention against cancer [4].

Fig. 4 TBMS1 induces autophagy via the Akt-mTOR-eEF-2K signaling pathway. MDA-MB-231, MCF-7, or T47D cells were treated with 4 μM
TBMS1 for different periods of time (a) or were treated with a series of concentrations of TBMS1 for 24 h (b). At the end of treatment, the
protein levels were measured by Western blot. c MDA-MB-231 or T47D cells were transfected with nontargeting siRNA or eEF-2K-targeted
siRNA followed by treatment with 8 μM TBMS1 for 24 h. The protein levels were measured by Western blot. d MDA-MB-231 or T47D cells were
pretreated with 300 nM NH125 for 1 h, followed by treatment with 8 μM TBMS1 for 24 h. The protein levels were measured by Western blot. e
MCF-7 cells were transfected with 2 μg Akt plasmid followed by treatment with 8 μM TBMS1 for 24 h, and the protein levels were measured by
Western blot
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Akt, an oncoprotein that promotes cell proliferation and
survival, is an attractive therapeutic target for cancer treatment.
Inhibition of Akt can induce both apoptosis and autophagy. To
explore the regulatory mechanisms by which autophagy and
apoptosis were modulated in breast cancer cells subjected to
TBMS1 treatment, we performed cheminformatic analysis to
predict potential autophagy-related proteins that bind to TBMS1
and found that TBMS1 has a high likelihood to interact with Akt,
further demonstrating that TBMS1 indeed binds to Akt and
inhibits its activity experimentally. As the mTOR signaling pathway
is an important downstream effector of Akt [39, 45, 46], we further

examined the effect of TBMS1 on mTOR and found that
this compound inhibited mTOR activity. eEF-2K is a negative
regulator of protein synthesis, and its activity can be inhibited via
phosphorylation at Ser78 and Ser366 by the mTOR pathway [42].
We previously demonstrated that eEF-2K participated in autop-
hagy activation in cancer cells under various stresses [38–40, 47].
In this study, we found that silencing eEF-2K suppressed
autophagic activity triggered by TBMS1, indicating that eEF-2K
was involved in autophagy induction activated by TBMS1.
Therefore, targeting eEF-2K could be utilized as a strategy to
reinforce the anticancer effect of TBMS1. These results are

Fig. 5 Akt-mediated downregulation of anti-apoptotic Bcl-2 family proteins is involved in TBMS1-induced apoptosis in breast cancer cells.
MDA-MB-231 or T47D cells were treated with 4 μM TBMS1 for 24 h or 48 h (a) or were treated with 4 μM or 8 μM TBMS1 for 48 h (b), and the
protein levels were measured by Western blot. c MDA-MB-231 cells were treated with 4 or 8 μM TBMS1 for 48 h, and apoptosis was examined
by measuring Annexin V staining; one from three identical experiments is shown. *P < 0.05, **P < 0.01, t- test (n= 3, Mean ± S.D.). MDA-MB-
231, MCF-7, or T47D cells were treated with 4 μM TBMS1 for different periods of time (d) or were treated with a series of concentrations of
TBMS1 for 48 h (e), and the protein levels were measured by Western blot. f MCF-7 cells were transfected with 2 μg Akt plasmid followed by
treatment with 8 μM TBMS1 for 24 h, and the protein levels were measured by Western blot
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consistent with our previous study, which demonstrated that eEF-
2K played an essential role in autophagy induction triggered by
Akt inhibition [38]. It is well known that Akt inhibits cell apoptosis
by influencing Bcl-2 family proteins. Akt has been reported to
promote cell survival by upregulating anti-apoptotic proteins Bcl-2
or Mcl-1 [48–50]. Inhibition of Akt triggers apoptosis by

downregulating expression of Bcl-2, Mcl-1 or Bcl-xl, thereby
leading to tumor suppression in vitro and in vivo [32, 51, 52].
We found that TBMS1 decreased the levels of Mcl-1, Bcl-xl, and
Bcl-2 in a time- and dose-dependent manner in breast cancer
cells, and overexpression of Akt rescued the downregulation of
these anti-apoptotic proteins. A better understanding of the
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molecular mechanisms and signaling pathways underlying the
anticancer effect of TBMS1 may help provide novel strategies and
resources for anticancer drug development.
In summary, our study indicates that Akt-mediated down-

regulation of Mcl-1, Bcl-xl, and Bcl-2 are involved in apoptosis
activation induced by TBMS1, and the Akt–mTOR–eEF-2K pathway
plays an essential role in autophagy activation and in determining
the fate of cancer cells in response to TBMS1 treatment. Inhibition
of autophagy may represent an effective means to enhance
TBMS1 cytotoxicity by promoting apoptotic activity.
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